Alcohol-induced aggression is a destructive and widespread phenomenon, but we understand very little about the mechanisms that produce this behavior. We found that two different alcohol exposures potentiate aggression in male flies. (1) A pharmacologically relevant dose of alcohol increases aggression and decreases a goal-directed behavior in male flies. (2) In addition, the odor of alcohol itself enhances intermale aggression by potentiating olfactory signaling by cis-vaccenyl acetate (cVa), a volatile male pheromone. Characterizing these behaviors in the genetically tractable fruit fly can lead to a better understanding of the molecular correlates that regulate alcohol-induced aggression in humans and provide insights into an ethologically relevant behavior.
Main Text
A staggering 40% of violent offenses are committed by people under the influence of alcohol, and at least 50% of sexual assault cases are associated with alcohol consumption (1) . Despite alcoholinduced aggression being a costly and pervasive issue, little is understood about the neurobiological mechanisms that provoke individuals to become more aggressive after consuming alcohol. To help bridge this gap in knowledge, we introduce Drosophila melanogaster as a model organism in which male flies become more aggressive with exposure to alcohol. There exists a substantial body of work on the effects of alcohol on fly behavior as well as a considerable amount of work on aggression in flies (2, 3) . However, nothing is known about the intersection between these topics, that is, whether or not alcohol modulates aggression in flies. We find that a pharmacologically relevant blood alcohol concentration (BAC) promotes male aggression. Furthermore, this alcohol dosage impairs male courtship-a goal-directed behavior (4) . In addition, there exists a secondary mechanism through which alcohol induces aggression. We find that the mere odor of alcohol increases aggression. This olfactory response occurs in the absence of intoxication and in the absence of a detectable BAC. One of the most well-studied fly pheromones, cis-vaccenyl acetate (cVa), is a male-produced pheromone that is known to cause aggression in male flies (5) . We find that smelling alcohol potentiates the cVa pathway and that this leads to increased aggression. This work demonstrates that Drosophila melanogaster is an ideal genetic model system for studying the molecular origins of alcohol-induced aggression.
Results

A pharmacologically relevant dose of alcohol potentiates aggression
We tested different ethanol exposure paradigms to assess their effects on intermale aggression. One hour following a 5-minute exposure to the vapor from a 30% ethanol solution (abbreviated PEA for Post-Ethanol Aggression) we observed a substantial rise in intermale aggression ( Fig. 1A and fig. S1 ). The blood alcohol concentrations (BAC) immediately after the 5minute alcohol vapor treatment (Low Dose) and one hour after this treatment (PEA) were 0.047 and 0.0145 mg/mL, respectively (Fig. 1C ). This latter concentration is pharmacologically relevant and is roughly equivalent to the BAC produced by half a standard drink in humans.
Video recordings were scored manually for intermale aggressive behaviors and for mating attempts with the decapitated female. Each 30-minute video recording was scored by at least two observers and averaged. In comparison to control animals, male PEA flies showed a significant increase in the time spent fighting, the number of fights they engaged in, and the number of lunges (Fig. 1 , D and E; fig. S2 ; Movie S1 and S2). Finally, PEA males were more likely than control flies to attempt copulation with the female carcass (Movie S3 and fig. S2 ). Because alcohol-treated males were more aggressive, we sought to determine if they would dominate sober males. We painted flies with a white paint dot to demarcate either the sober animal or the alcohol treated one ( Fig. 2A ). We determined whether the control fly or the PEA fly retreated and lunged. We also recorded the duration of interactions before retreats. For each pair of flies, we determined a Retreat Index (defined as [Number of Sober Fly Retreats -Number of PEA Fly Retreats]/Total Number of Retreats) and found that sober flies were much more likely to retreat compared to PEA flies ( Fig. 2B ). We also determined a Lunge Index (defined as [Number of PEA Fly Lunges -Number of Sober Fly Lunges]/Total Number of Lunges) for each pair and saw a slight but not significant probability that PEA flies were more likely to lunge ( Fig.  2C ). PEA flies also stayed on the food patch for longer than sober flies before retreating ( Fig. 2D ). We performed matched trials so half of the trials had the PEA flies marked with paint and the other half had the control flies marked with paint. In all, PEA flies were more likely to win a fight against sober flies ( fig. S4 ).
Sexual and aggressive behaviors are often intertwined on a neural and behavioral level and represent a major societal issue (6) . We examined whether there were defects in courtship ability by video recording male flies in a small courtship arena in the presence of a virgin female. We quantified Unilateral Wing Extensions (UWEs) and mating attempts of the male fly (pictured Fig. 2E top and bottom, respectively). UWEs are important for successful copulation and occur when the male fly extends his wing to sing his courtship song to the female. PEA flies spent less time performing UWEs compared to control animals but performed roughly the same number of UWEs ( Fig. 2F and G). In addition, PEA flies had a shorter average song bout duration than control animals ( fig. S5 ). PEA flies were also faster to attempt copulation, but their total mating attempts did not change ( 
Fruitless is a regulator of alcohol behaviors and is regulated by alcohol
The transcription factor gene fruitless (fru) has been implicated in sex-specific behaviors such as courtship, aggression, and alcohol preference (7) (8) (9) . Fru M has also been shown to regulate arborization patterns of neuronal circuits in a sex-specific manner (10) . Previous work in our lab has demonstrated that FruM is necessary for sexually dimorphic preference for alcohol and for male flies to be able to acquire tolerance to alcohol (9) . We hypothesized that alcohol-induced aggression could be regulated by this gene. The fruitless gene produces three alternative splice variants: the male variant, called fru M ; the female variant, called fru F ; and the common variant, called fru COM that is expressed in both sexes ( Fig.  3B ). Transformer F (TraF) is a splicing regulator that suppresses alternative splicing events that generate the male-specific fru M splice isoform (11) ( Fig. 3C ). Transgenic TraF expression suppresses production of fru M and suppresses alcohol-induced aggression (Fig. 3A) . However, TraF also alters splicing of transcripts from the doublesex (dsx) gene, which leads to expression of a female-specific dsx isoform known as dsxF. Overexpression of dsxF did not alter alcohol-induced aggression, indicating that dsxF does not modulate alcohol-induced aggression.
To determine if alcohol affects expression of fru M , we measured transcript-level changes in fly heads. PEA produced no significant changes in fru M expression compared to airtreated controls (Fig. 3 , D and E). Next, we measured Fru M protein levels in the whole brain using a Fru M antibody generously donated by Daisuke Yamamoto (12) . PEA flies had increased Fru M throughout the brain ( Fig. 3F and G). 
Olfactory alcohol drives aggression
Within the Fru M -expressing circuit, Or67d-expressing Olfactory Sensory Neurons (Or67d OSNs) in the fly antennae are largely responsible for sensing the pheromone cis-vaccenyl acetate (cVa). When male flies smell cVa, they become more aggressive (5) . These neurons contain the molecular architecture pictured in Fig. 5a . When a cVa molecule binds to LUSH, the cVa-bound LUSH displaces SNMP and activates Orco, depolarizing the neuron (13) . There is also some evidence that cVa itself can bind to Or67d to activate the neuron independently of SNMP binding (14) .
Previous work found that LUSH was involved in flies smelling alcohol. LUSH null mutants are unnaturally attracted to high concentrations of alcohol (15) . More recently, LUSH was crystalized bound to ethanol, and the pocket shows conservation with ethanol-binding pockets of mammalian ion channels (16) . Despite the link between alcohol and LUSH, no study has demonstrated a functional relationship between alcohol and cVa signaling. We hypothesized that olfactory exposure could also increase aggression in male flies by potentiating the cVa response.
To test this, we added alcohol into the fly food of the behavioral arena and then tested flies for aggression (pictured in Fig. 4A ). To be sure that the alcohol used as an odorant did not also increase the blood alcohol level, we measured the BAC at the end of the 30-minute test period. This alcohol odor exposure paradigm did not produce a detectable increase in BAC (Fig.  4B ). Flies that received an acute olfactory alcohol exposure (5% alcohol in the food) became significantly more aggressive (Fig.  4 , C and D). Thus, acute olfactory exposure to alcohol increases aggression in the absence of an increase in systemic alcohol.
Next, to determine if olfactory alcohol exposure electrophysiologically potentiates the cVa response, we performed in vivo single sensillum electrophysiology (SSR) of the T1 sensilla that contain the Or67d OSNs. For this paradigm, we delivered a 1% cVa puff, then administered air or alcohol vapor (30% or 5%), and then administered a second 1% cVa exposure (Fig. 5B ). This concentration of 1% cVa was previously shown to be physiologically relevant as it mimicked the electrophysiological response of a male fly 1 cm away from a virgin female fly. From the recordings, we quantified spontaneous activity and evoked activity (ΔSpikes normalized to spontaneous activity; described in Methods). When we delivered acute 30% alcohol vapor, we observed a significant potentiation of the cVa response (Fig. 5, C and D) . We found that an acute exposure to 30% and 5% alcohol increased spontaneous activity but that only an acute exposure to 30% alcohol increased evoked activity (Fig. 5, D and E and fig. S6 ). Categorizing animals that either increased or decreased ΔSpikes, we find that the number of animals that had increased firing after alcohol was significant in both 30% alcohol-treated animals (13 increased, 2 decreased, χ2 test, p= 0.0045) and 5% alcohol-treated animals (5 increased, 2 decreased χ2 test, p= 0.0273) compared to air-treated controls (10 increased, 5 decreased χ2 test, p= 0.196). In addition, we looked for deactivation defects and found that flies treated with 30% acute alcohol had significant deactivation defects, whereas air-treated controls did not (Fig. 5, F-H and fig.  S7 ). Taken together, these data demonstrate that acute exposure to alcohol potentiates the cVa response by increased evoked and spontaneous activity of the Or67d OSNs.
PEA does not potentiate cVa
To assess whether PEA flies were also sensitized to cVa, we performed in vivo SSRs on flies treated with PEA and measured their response to 1% cVa ( Fig. 6B  and fig. S8 ). Compared to airtreated controls we saw no change in spontaneous activity, evoked activity, or deactivation changes ( Fig. 6 , C-E and fig. S9 ). Overall, PEA did not change the cVa response. Thus, the increase in aggression caused by PEA arises independently of the olfactory system and reflects a systemic effect of ethanol (Fig. 6A ).
Discussion
In this paper, we show that alcohol-induced aggression is an evolutionarily conserved behavior. We saw that low-dose alcohol induces aggression by two independent mechanisms-one that arises in response to the combined perception of the odor of alcohol and a male pheromone and one that originates from a systemic effect of alcohol in the CNS. Both avenues of action are likely relevant to the behavioral ecology of Drosophila. We observed that low doses of alcohol act systemically to stimulate the expression of a transcription factor that defines male characteristics of the fly. The transcription factor is Fru M , which is the primary master regulatory switch that generates many male-specific behaviors. Expression of Fru M is required for alcohol-induced aggression in male flies.
The mammalian orthologues of fru M (DRSC/TRiP) are ZBTB45, 1, 39, and 24. The ZBTB (Zn finger and BTB protein-binding domain) family of transcription factors are known to regulate differentiation of immune cells, glia, neurons, and oligodendrocytes (20, 21) . ZBTB controls sex-related physiology such as spermatogonial stem cell renewal (ZBTB16), and the SRY gene contains a putative ZBTB binding site suggesting additional sex-specific regulation (22) . The presence of a ZBTB transcription factor binding site in the SRY gene may mean that ZBTB activity directly modulates SRY expression. ZBTB also changes expression in response to alcohol in the mammalian brain (23, 24) . It is possible that ZBTB has a similar role in regulating alcohol-related behaviors in a sex-specific manner in mammals. Furthermore, olfactory stimulation of aggression was also shown to occur because alcohol potentiates the signaling of cVA, a pheromone known to be responsible for male aggression. This mode of modulating aggression by alcohol is ethologically relevant. Drosophila in the wild are attracted to fermenting fruit as a preferred site for reproduction. The concentration of ethanol at these sites can be as high as 6% (17) . In laboratory experiments, we have shown that females are attracted to alcohol (<10%) food but that males are not (9) . In addition, female flies preferentially oviposit in alcohol laden food because ethanol itself adds caloric value to the food substrate and can protect larvae from predators (18, 19) . In the wild, males may localize on alcohol-rich food because of the presence of females that are already attracted to these sites. Alcohol odors from these sites would then cause males to become more aggressive in an attempt to secure the female and the site for his own reproductive action. Thus, males would treat a female localized on a fermenting substrate as a higher value consort.
Currently, there is a lack of understanding of the neural and genetic mechanisms that regulate alcohol-induced aggression for a variety of reasons. First, aggression is a complex social behavior with a rich repertoire of actions, which makes it difficult to automate analysis. Automated analysis can not only expedite behavioral analysis but can also serve as an unbiased method for behavioral quantification that can reliably quantify behaviors not as obvious to the human eye. Second, performing large-scale screens is extremely difficult in organisms that do not have an accessible and extensive genetic toolkit. Lastly, most models of alcohol-induced aggression (especially in humans) test for accessory behaviors of physical aggression such as verbal aggression, non-physical punishment of a fictitious person (Taylor Aggression paradigm), and impulsivity; however, these types of paradigms crucially fail to accurately model alcohol-induced physical aggression (25, 26) . Identifying and characterizing alcohol-induced aggression in a model organism that rectifies these issues will inevitably allow us to better understand regulators of alcohol-induced aggression. Drosophila could serve to address these issues, as it has an extensive genetic toolkit, and behavioral paradigms that accurately model physical aggression, and some groups have already developed high-throughput automated analysis of aggression (27) .
Taken all together, there are remarkable behavioral similarities between humans and flies when they are exposed to alcohol. Both show suppression of executive function by alcohol-induced aggression, and alcohol-induced promiscuity. Uncovering the neural and genetic substrates responsible for producing behavioral changes is essential for understanding the pathology of alcoholism.
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Materials and Methods Fly Handling
All flies were raised on standard cornmeal, molasses, and agar media in a 12:12 light:dark cycle. Flies used in aggression and courtship receptivity behavioral assays were all taken from group housed bottles as pupae and individually raised in vials. Flies used in imaging, immunohistochemistry, and qPCR were group housed.
Alcohol Pretreatments
For all vapor treatments flies were pretreated with either 100% ethanol or 30% ethanol by volume in ddH2O. Vapor was administered at 2.5 L/min for 15 minutes for 100% ethanol and 5 minutes for 30% ethanol. Flies were transferred back into their food vials and allowed to recover.
We made 20% alcohol food by melting fly food in the microwave and waited until it cooled down to ~35° C and added 100% alcohol to reach 20% w/v alcohol. Flies were placed into fresh 20% alcohol food vials each day.
Behavioral Tests
Aggression chambers were assembled using a fly vial cut 1 inch high and glued to one petri dish. The top of the chamber has 2 holes; 1 large hole is used for loading flies and one other smaller hole is in the center of the top and is used for circulation. Food wells were made by cutting 1.5 mL microfuge tube tops. Fly food was melted and pipetted into the microfuge tube tops. We added sucrose to the top of each fly food surface and a decapitated virgin female fly. Flies were loaded into the chamber by gentle aspiration and the video camera began recording 5 minutes after the flies were in the chamber. Aggression tests were conducted between the hours of 9 AM -4 PM. Flies tested for aggression were between 4-6 days old.
Dominance was tested using the same aggression chambers. The video cameras were placed above the chambers to get an aerial view so that it was easier to determine the identity of the flies. Flies were painted with a small dot of white acrylic paint (Sherwin Williams Interior acrylic latex, 650428204) the day of eclosion and tested when they were between 4-6 days old. We video recorded for 30 minutes and videos were manually analyzed for when flies were both on the food patch, retreats from the fly food patch, and lunges as well as the identity of the fly.
Courtship behavior was tested in a plexiglass constructed chamber. We laser cut acrylic plexiglas into small circular arenas 1.5 cm across and 0.5 cm deep in a 3x4 array. We loaded chambers by gentle aspiration and video recorded flies for 3 minutes and manually analyzed videos for unilateral wing extensions (time of occurrence and duration) and attempts to copulate (time of occurrence). We tested alcohol treated males and sober males concomitantly. We used males 4-6 days old and virgin females 3-4 days old. The proportion of male flies that end up attempting to mate with the decapitated female by the end of the aggression assay is greater in the PEA treated animals (KS Test, p = 0.0012). . PEA flies were less likely to retreat and clustered more in Q2 because they were also more likely to lunge. Sober flies that were more likely to lunge always became winners and less likely to retreat because almost no points were in Q1. However, even if PEA flies lunged less they would still be less likely to retreat (Q4). Heatmap generated in Matlab produced using binned data from (C). 
